• Recent studies have revealed that microRNAs (miRNAs) regulate plant adaptive responses to nutrient deprivation. However, the functional significance of miRNAs in adaptive responses to nitrogen (N) limitation remains to be explored.
Introduction
Nitrogen (N) is required for the normal growth and development of plants, and is the key environmental factor limiting crop productivity worldwide. The application of N fertilizer has increased greatly in recent years as farmers strive to obtain high yields. These large inputs of external N combined with decreasing N use efficiency have contributed to severe environmental degradation since the 1990s (Ju et al., 2009) , and substantial research has been directed at improving the N use efficiency of plants. To respond to variations in N availability in the soil, plants have evolved multifaceted strategies, including morphological, physiological and biochemical adaptations (Stitt et al., 2002; Vidal & Gutiérrez, 2008) . These adaptations in response to variable N availability are at least partially dependent on changes in gene expression. Many stress-induced genes are known or presumed to have roles in resistance to N stress.
A number of stress-regulated genes encode regulatory proteins, such as transcription factors, that are important in regulating the expression of still other downstream genes (Singh et al., 2002) . Arabidopsis ANR1 (Arabidopsis Nitrate Regulated 1) was the first transcription factor identified as a component involved in the nitrate regulation of root architecture (Zhang & Forde, 1998) . Overexpression of ZmDOF1 (DNA binding with one finger) in Arabidopsis and potato (Solanum tuberosum) improved N assimilation and growth under low-N conditions (Yanagisawa et al., 2004) . Recently, nodule inception-like protein 7 (NLP7) was reported to be a positive regulator of the primary nitrate response (Castaings et al., 2009) ; Chlorina 1 (CHL1) (nitrate transporter AtNRT1.1) was assumed to utilize dual-affinity binding and a phosphorylation switch to sense a wide range of nitrate concentrations in the soil (Ho et al., 2009) ; NRT2.1, a highaffinity nitrate transporter, may be the dominant nitrate sensor under N-limited conditions (Ho & Tsay, 2010) . However, a detailed understanding of the molecular basis underlying N sensing ⁄ signaling is still lacking.
With the discovery of small regulatory 21-to 24-nt RNAs, researchers recognized the important roles of small RNAs in posttranscriptional gene regulation (Hamilton & Baulcombe, 1999; Carrington & Ambros, 2003; Bartel, 2004) . These *These authors contributed equally to this work.
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small RNAs are mainly composed of microRNAs (miRNAs) and small interfering RNAs (siRNAs). miRNAs are processed from single-stranded RNA precursors capable of forming hairpin structures by the ribonuclease III-like enzyme Dicerlike 1 (DCL1) or DCL4. Unlike miRNAs, siRNAs are generated from long double-stranded RNAs by RNA polymerase 6 (RDR6) ⁄ RDR2 or from overlapping antisense mRNAs.
Plant miRNAs are involved in various developmental processes, including flowering, leaf and root development, embryo development, and auxin signaling (Carrington & Ambros, 2003; Bartel, 2004; Jones-Rhoades et al., 2006) . Recent studies have also revealed that miRNAs regulate plant adaptive responses to nutrient deprivation (Jones-Rhoades & Bartel, 2004; Fujii et al., 2005; Hsieh et al., 2009; Pant et al., 2009) . For example, miR395 plays important roles in coordinating sulfur assimilation and translocation by adjusting the mRNA levels of ATP sulfurylase (APS1, APS3 and APS4) and a low-affinity sulfur transporter . miR398 mediates copper homeostasis by directing the degradation of copper ⁄ zinc superoxide dismutase mRNA when copper is limited (Yamasaki et al., 2007) . miR399 regulates phosphate homeostasis in Arabidopsis through the suppression of a ubiquitin-conjugating E2 enzyme, Phosphate 2 (PHO2) (Fujii et al., 2005; Chiou et al., 2006) . Recently, researchers determined that miR167 mediates lateral root initiation and growth in response to N (Gifford et al., 2008) . By using quantitative RT-PCR of the primary transcripts of miRNAs, Pant et al. (2009) also found several N-responsive miRNAs in Arabidopsis, and the abundances of several miRNAs were strongly dependent on phosphorus (P) or N status in rapeseed (Brassica napus) phloem sap, flagging them as candidate systemic signals. However, the functional significance of these miRNAs in adaptive responses to N limitation remains to be explored.
Here, we show that the expression of different gene members of the miR169 family in both the roots and shoots of Arabidopsis is significantly down-regulated by N starvation. Based on analysis of miR169 precursors, only MIR169a appears to be down-regulated in both the roots and shoots of Arabidopsis by N starvation. Furthermore, transgenic plants with constitutive expression of MIR169a decrease the expression of nitrate transporter genes (AtNRT1.1 and AtNRT2.1) and display the early senescence phenotype induced by low inorganic N under different growth conditions (i.e. on agar medium, and in hydroponic culture). The results suggest that miRNA169 has functional roles in helping plants to cope with fluctuations in N availability in the soil.
Materials and Methods

Plant material and growth conditions
Arabidopsis thaliana (L.) Heynh of the Columbia (Col) ecotype was used for all experiments. hua enhancer 1 (hen1-1; mutations in RNA methyltransferase) and hyponastic leaves 1 (hyl1; mutations in the dsRNA-binding protein) were in the Landsberg (Ler) or Nosssen-0 genetic backgrounds, as indicated in the text and figures. For the hydroponic culture, the seeds were germinated directly on the tops of modified Eppendorf tubes. The basic nutrients in hydroponic solutions consisted of 0.5 mM Ca(NO 3 ) 2 , 2 mM K 2 SO 4 , 2 mM KH 2 PO 4 , 1 mM MgSO 4 , 100 lM Fe-EDTA, 1 lM H 3 BO 3 , 0.2 lM ZnSO 4 , 0.2 lM MnSO 4 , 5 · 10 )2 lM CuSO 4 , and 5 · 10 )2 lM Na 2 MoO 4 . The nutrient solution was replaced with fresh solution every 2 d. After they had grown for 5 wk, Arabidopsis plants were supplied with N-free nutrient solutions to simulate N-deficiency conditions, as indicated in the figure legends. Nutrient solutions were renewed daily to ensure pH stability.
The basic components of the agar medium were halfstrength Murashige and Skoog (MS) medium, except for N, as indicated in the legend to Fig. 5(d) .
For the N-starvation experiment in soil, plants were grown as described by Fan et al. (2009) . In brief, Arabidopsis seedlings were grown in a mixture of perlite and vermiculite (1 : 2) and were irrigated with nutrient solution containing 0.5 mM Ca(NO 3 ) 2 for 4 wk. The plants were then watered with N-free nutrient solution. The wild-type (WT) and mutant plants were grown in the same pot.
Plants were kept in a growth chamber with a light intensity of 150 lmol m )2 s )1 , 60-70% relative humidity, and a day : night temperature regime of 22 : 18°C.
Constructs and generation of transgenic plants
To generate pMDC32:MIR169a constructs, a 200-bp fragment surrounding the miRNA sequence including the fold-back structure was amplified from genomic DNA with the following primers: miR169a, forward 5¢-CAC CTG GGT ATA GCT AGT GAA ACG CG-3¢ and reverse 5¢-CCT TAG CTT GAG TTC TTG CGA-3¢. The amplified fragments were introduced into the pENTRÔ ⁄ D-TOPO vector (Invitrogen) and cloned into pMDC32 (Curtis & Grossniklaus, 2003) using LR reactions (Invitrogen).
The plasmid was electroporated into Agrobacterium tumefaciens GV3101 and Arabidopsis plants were transformed using the floral dip method (Clough & Bent, 1998) . Transgenic plants were selected using 35 lg ml )1 hygromycin. T3 or T4 homozygous lines were used for all experiments.
RNA analysis
Total RNA was extracted from WT and transgenic plants with Trizol reagent (Invitrogen). For enrichment of small RNAs, high-molecular-weight RNA was selectively precipitated by the addition of one volume of 20% PEG-1M NaCl (Llave et al., 2002) . Low-molecular-weight RNA was fractioned on 17% denaturing polyacrylamide gels. The
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For real-time RT-PCR, 5 lg of total RNA isolated with the RNeasy plant mini kit (Qiagen) was used for first-strand cDNA synthesis using SuperScript III first-strand synthesis supermix (Invitrogen). Primers specific for the precursor of miR169 were used to detect expression levels of miR169 (Li et al., 2008) . Primers were also designed to detect the transcription level of NFYA (Supporting Information Table S1 ). Quantitative real-time PCR was carried out in an ABI 7500 system (Applied Biosystems, Foster City, CA, USA) using the SYBR Premix Ex TaqÔ (perfect real time) kit (TaKaRa Biomedicals, Kyoto, Japan). PCR included a preincubation at 95°C for 3 min followed by 40 cycles of denaturation at 95°C for 10 s, annealing at 60°C for 15 s and extension at 72°C for 45 s. The PCR products were loaded on 1.5% agarose gels and photographed after staining with ethidium bromide. Primer efficiencies were measured and calculated (Ramakers et al., 2003) . The relative expression level was calculated using the comparative Ct method. Results were normalized to the expression of Tubulin Beta Chain 4 (Tub4). Each experiment was replicated at least three times.
5¢-RACE analysis
To obtain the cleavage transcripts, 5¢-RACE (Rapid Amplification of cDNA Ends) analysis was performed using the GeneRacer Kit (Invitrogen). Total RNA from 4-wk-old leaves was directly ligated to the GeneRacer RNA Oligo adaptor without calf intestinal phosphatase treatment. The GeneRacer oligo dT primer was then used for cDNA synthesis. Initial PCR was carried out using the GeneRacer 5¢-primer and gene-specific outer primers (NFYA1: 5¢-AACACCTAACATAACTCGCTCT-3¢; NFYA5: 5¢-TTG TACTCTCAGAGAATCGG -3¢). Nested PCR was carried out using 1 ll of the initial PCR reaction, GeneRacer 5¢-primer and gene-specific inner primers (NFYA1: 5¢-CTC GCTCTTTGTACATTCATCA-3¢; NFYA5: 5¢-AGAGA ATCGGAAGTTAACAA-3¢). RACE fragments were cloned and sequenced after gel purification.
Germination and green seedling assay
Approximately 50 seeds from WT plants and transformants were plated in Petri dishes containing agar medium as described in the section 'Plant material and growth conditions' (0.8% agar, 0.6% sucrose). After the seeds had been stratified at 4°C in the dark for 96 h, they were allowed to germinate at 22°C in 16-h light : 8-h dark conditions with 70 lmol m )2 s )1 light intensity. A seed was considered to have germinated when the radicle had visibly protruded from the seed coat. Ten days later, the percentage of green seedlings was recorded, based on the presence of obvious green cotyledons. For hydroponic culture, the percentage of green old leaves (first pair of rosettes) was scored after Arabidopsis plants had been supplied with N-free nutrient solutions for 3 d.
Chlorophyll content measurement
Chlorophyll contents were measured as described by Woodward & Bennett (2005) . The pigments were extracted with 5 ml of dimethylformamide for 24 h in the dark, and the optical densities OD 664 and OD 647 for each sample were measured. The shoot chlorophyll content was calculated as: ((OD 664 · 7.04) + (OD 647 · 20.27)) · 5 ⁄ sample weight (g) = lg chlorophyll g
)1 FW.
Measurement of anthocyanin content
Anthocyanin contents were measured as described previously (Rabino & Mancinelli, 1986) . The pigments were extracted with 99 : 1 methanol : HCl (v ⁄ v) at 4°C, the OD 530 and OD 657 for each sample were measured, and OD 530 -0.25 · OD 657 was used to compensate for the contribution of chlorophyll and its products to the absorption at 530 nm.
Elemental assay
Arabidopsis plants were separated into shoot and root. After drying at 120°C for 30 min and 65°C for 72 h, the samples were milled to a fine powder for N analysis. N analysis was performed using a carbon and nitrogen analyzer (Elemental Analyzer EA1108; Carlo Erba Strumentazione, Rodano, Italy).
Results
miR169 is down-regulated by N starvation
We previously reported that NFYA5 is important for drought resistance, and its induction by drought stress occurs at both the transcriptional and posttranscriptional levels (Li et al., 2008) . The posttranscriptional regulation of NFYA5 was determined to be dependent on miR169, mainly miR169a (Li et al., 2008) . In an analysis of the genomic response to low concentrations of nitrate, the steady-state mRNA levels of NFYA5 and other members of the NFYA family were significantly increased (Wang et al., 2003) , which prompted us to investigate the function of miR169 in the response to N stress. To confirm the physiological status of the Arabidopsis plants (i.e. to confirm that the plants were N-stressed), the expression of the marker gene AMT1:5 (At3g24290; an ammonium transporter) was analyzed and determined to be significantly induced by N starvation, as reported previously New Phytologist (Pant et al., 2009; Fig. S1 ). To test the regulation of miR169 by N stress, a time-course experiment was carried out in which hydroponically grown 5-wk-old Arabidopsis plants were subjected to N starvation. Small RNA northern blot analysis using an oligonucleotide probe complementary to ASRP1815 (http://asrp.cgrb.oregonstate.edu; 5¢-TAG CCA AGG ATG ACT TCC C-3¢) clearly showed that the expression of miR169 was substantially suppressed by N starvation in both the roots and shoots of the Arabidopsis plants (Fig. 1a,b) . Compared with the control, the relative miR169 expression ratios in the roots and shoots after 4 d of N starvation were 87% and 89% lower, respectively (Fig. 1c,d ).
NFYA3, NFYA5, NFYA8 and NFYA2 expression is induced by N starvation
In addition to NFYA5, other members of NFYA family, including NFYA1, NFYA2, NFYA3, NFYA8, NFYA9 and NFYA10, are also potential targets of miR169 (JonesRhoades & Bartel, 2004;  Table S2 ). Although NF-Y transcription factors occur in almost all eukaryotes, the biological roles of most of the NF-Y family members in plants are poorly understood. Thus, we first examined the expression pattern of NFYA transcription factors by quantitative RT-PCR. In contrast to the tissue-specific expression patterns described by Siefers et al. (2009) , we found that all the members of the NFYA family were expressed in both roots and shoots of 5-wk-old Arabidopsis plants (Fig. 2) . According to the different transcripts that accumulated in the roots vs shoots, we divided the members of the NFYA family into three subgroups. Group I contained NFYA3, NFYA5 and NFYA8, whose transcripts mainly accumulated in the roots (Fig. 2a) . Group II contained NFYA1, NFYA9 and NFYA10, whose transcripts mainly accumulated in the shoots (Fig. 2b) . Group III contained NFYA2, whose transcripts accumulated equally in the roots and shoots (Fig. 2c) .
In both roots and shoots, NFYA3, NFYA5, NFYA8 and NFYA2 were strongly induced by N starvation (Fig. 3) . In contrast to other members of the NFYA family in group II, The NFYA5 mRNA level in roots increased only after 24 h of N starvation, and it increased c. 60-fold 3 d after the Arabidopsis plants had been transferred to the N-free medium (Fig. 3) . With the exception of NFYA1 in the roots, the expression of members of the NFYA family in group II also increased in N-starved roots and shoots (Fig. S2) , which was in agreement with the reduction of miR169 expression in N-starved roots and shoots of Arabidopsis (Fig. 1) . These results suggested that NFYA mRNA was cleaved by the targeting of miR169 and that this cleavage was directly related to the N status of the Arabidopsis plants.
Expression profiling of MIR169 loci in response to N deprivation
The miR169 family in Arabidopsis contains 14 members and can be divided into four subgroups based on the sequence of the miRNA produced. MIR169a represents the first subgroup, MIR169b and MIR169c form the second group, MIR169d-g constitute the third group and the fourth group is made up of MIR169h-n. According to the 
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Arabidopsis Small RNA Project (http://asrp.cgrb.oregonstate. edu/db/microRNA.html?fid=12/), miR169a is the main contributor to the total miR169 level, with c. 90% of miR169 sequences from leaves of soil-grown Col plants being miR169a.
Because their sequence similarity resulted in cross-hybridization, the miR169 family members were difficult to differentiate in small RNA blots. To determine which of the MIR169 loci contributed to the decrease in miR169 in response to N deprivation, we carried out real-time RT-PCR using miR169 locus-specific primers with RNA extracted from N-stressed Arabidopsis plants. RNA was isolated from hydroponically grown 5-wk-old plants that had been subjected to N stress for 2 d. We did not detect the expression of MIR169g, which was in agreement with the results of Pant et al. (2009) . For primer pairs, the average amplification efficiency was > 86%, indicating that the primers could be used to detect the expression changes reliably.
In roots, with the exception of MIR169e and MIR169f, the expression of MIR169 loci was significantly down-regulated by N starvation (Fig. 4a) . For example, the expression level of MIR169a was only c. 22% of that in N-sufficient conditions (Fig. 4a) . In shoots, however, only MIR169a expression was substantially reduced in response to N starvation (Fig. 4b) , which was consistent with the downregulation of the mature miRNA by N deprivation (Fig. 1) . In previous research, we found that MIR169a was the major miRNA locus important for the regulation of NFYA expression (Li et al., 2008) . Thus, we undertook further experiments to determine the potential role of MIR169a in the adaptation to N stress in Arabidopsis.
35S::MIR169a transgenic plants are hypersensitive to N starvation
We searched the publicly available T-DNA collections and obtained a T-DNA insertion mutant (SALK_113174 in the Col background) from the Arabidopsis Biological Resource Center to further investigate the function of miR169a. Plants homozygous for the T-DNA insertion were identified by PCR, and sequencing of the T-DNA flanking region confirmed that the insertion site was located in the promoter region of miR169a (Fig. S3) . Small RNA northern blot analysis showed that the miR169 transcript was not affected (Fig. S3) . Thus, we generated transgenic Arabidopsis plants overexpressing the precursor of miR169a under the constitutive CaMV 35S promoter (Fig. 5a) .
First, we quantified the effects of miR169a overexpression on its potential targets using the whole plant (NFYA1, NFYA3, NFYA5, NFYA8 and NFYA9; http://asrp.cgrb. oregonstate.edu). With the exception of NFYA1, the mRNA levels of potential targets (NFYA3, NFYA5, NFYA8 and NFYA9) were significantly decreased (Fig. S4) , and similar results were obtained in other lines. To further elucidate the relationship between NFYA1 and miR169, we determined the expression level of NFYA1 in hen1 and hyl1, in which the biogenesis of miR169 is blocked (Li et al., 2008) . The level of NFYA1 mRNA did not show significant variation in hen1, hyl1 and the corresponding WT (Fig. S5) , suggesting that NFYA1 was not the target of miR169 as predicted by the ASRP database (http://asrp.cgrb.oregonstate.edu). We further carried out cleavage site mapping of NFYA1 using RNA obtained from 35S::MIR169a transgenic plants by 5¢- Fig. 2 Tissue expression patterns of NFYA (Nuclear Factor Y, subunit A). Total RNA was isolated from leaves and roots of 5-wk-old Arabidopsis wild-type plants grown under hydroponic conditions. NFYA3, NFYA5 and NFYA8 were mainly accumulated in roots (a); NFYA1, NFYA9 and NFYA10 were strongly expressed in shoots (b); and NFYA2 was equally distributed in shoots and roots (c). The expression levels were normalized to that of Tub4 (Tubulin Beta Chain 4). Results are the mean ± SE for three biological replicates.
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New Phytologist RACE PCR, and used NFYA5, for which the cleavage site has been reported by Combier et al. (2006) , as a positive control. The cleavage site of NFYA5 was easily identified (data not shown), but we could not identify that of NFYA1, further suggesting that NFYA1 was not the true target of miR169. Interestingly, overexpression of MIR169a also caused a large decrease in the transcripts of NFYA2 and NFYA10 (Fig. S4) . These results indicated that MIR169a was the major miRNA locus regulating NFYA expression.
We then investigated the responses of 35S::MIR169a transgenic plants to N starvation in hydroponic solution. Under nutrient-sufficient conditions, growth was similar for transgenic and WT plants (Fig. 5b) . However, when plants were transferred to the N-free medium for 3 d, c. 80% of 35S::MIR169a rosettes (75% for #10 and 82% for #11) showed the typical N-deficient phenotype, with discoloration of leaves, in contrast to 25% of WT (Fig. 5b) . Another indicator of N-starvation sensitivity is the accumulation of the purple flavonoid pigment anthocyanin in leaves (Peng et al., 2008) . The anthocyanin concentration in 35S::MIR169a plants after N starvation for 5 d was c. 25 lg g
)1 fresh weight (Fig. 5c ), which was 2 times that of the WT.
We also grew 35S::MIR169a plants on agar medium containing 0.3 mM N (0.1 mM NH 4 NO 3 and 0.1 mM KNO 3 ) or in soil. Although the germination rates were similar for WT and 35S::MIR169a transgenic plants grown on agar medium containing different concentrations of N (data not shown), the plants differed greatly at postgerminative growth stages. Unlike WT plants, 35S::MIR169a transgenic plants growing on the medium containing 0.3 mM N showed a typical N-deficient phenotype: leaves were discolored (Fig. 5d) , and the chlorophyll content was significantly lower in the MIR169a transgenic plants (Fig. 5e) , which may be attributable to variation in the capacity for N acquisition. A similar phenomenon was observed when 35S::MIR169a transgenic plants were grown in soil (data not shown), again supporting the conclusion that 35S:MIR169a transgenic plants were more sensitive to N stress. The expression levels were normalized to that of Tub4 (Tubulin Beta Chain 4). Results are the mean ± SE for three biological replicates. *, P < 0.05 (t-test); significant difference from the wild type (WT). Results are the mean ± SE for three biological replicates. *, P < 0.05 (t-test); significant difference from the wild type (WT).
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To test whether the hypersensitivity to N starvation of 35S::MIR169a plants was attributable to variation in the capacity for N acquisition, we first analyzed the total N contents in the roots and shoots of hydroponically grown 35S::MIR169a transgenic plants under N-replete and Nlimiting conditions. Under N-limiting conditions, the total N contents in roots of 35S::MIR169a transgenic plants were c. 4.5%, which was 7.6% lower than that of the WT (Fig. 6a) . Similar results were obtained for old leaves (the first pair of the rosette; Fig. 6a ). In Arabidopsis, the molecular mechanisms of nitrate uptake have been well characterized. Three types of nitrate transporter have been identified in Arabidopsis: the AtNRT1 family, with 53 members; the AtNRT2 family, with seven members; and the AtCLC (Arabidopsis thaliana chloride channels) family, with seven members (Miller et al., 2007; Tsay et al., 2007; De Angeli et al., 2009) . NRT1.1 and NRT2.1 played a central role in nitrate uptake. NRT1.1 mRNA accumulation was decreased in transgenic plants overexpressing MIR169a relative to the WT; this was especially true under N-sufficient conditions, when NRT1.1 mRNA accumulation was c. 65% less in plants overexpressing MIR169a than in the WT (Fig. 6b) . Expression of NRT2:1 was induced by N starvation in the WT but was inhibited by N starvation in 35S::MIR169a plants, and the level of NRT2:1 mRNA in 35S::MIR169a plants under N starvation was only 56-74% of that in the WT (Fig. 6c) . These results suggest that the N-uptake system in 35S::MIR169a transgenic plants may be impaired. 
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We previously reported that NFYA5 defined one of the drought stress-responsive transcriptional cascades and that the novel feature of NFYA5 regulation under drought stress was the involvement of miR169 (Li et al., 2008) . NFYA5 and other members of the NFYA family were also induced by N starvation in 9-or 10-d-old Arabidopsis seedlings (Wang et al., 2003; Pant et al., 2009) . In roots and shoots of mature Arabidopsis, members of the NFYA family, especially NFYA3, NFYA5 and NFYA8, were strongly induced, while miR169 was suppressed by N starvation (Figs 3, S2 ). Of the putative targets, NFYA5 and NFYA2 had previously been experimentally demonstrated to be the targets of mir169 Li et al., 2008) . Overexpression of MIR169a suppressed the accumulation of NFYA mRNA, with the exception of NFYA1 mRNA. In hen1and hyl1, the level of NFYA1 mRNA was similar to that of the corresponding WT. There were four mismatches between NFYA1 and miR169a and one mismatch located in the miR169a 5¢ region, which was important for target RNA cleavage (Mallory et al., 2004) . Thus, we inferred that NFYA1 was not the target as predicted by the ASRP database. We also noted that the expression of NFYA1, NFYA9 and NFYA10 was not consistent with that of miRNA169, indicating that NFYA1, NFYA9 and NFYA10 may be regulated by miRNA169 at the translational level, which has been demonstrated to be a widespread mechanisms of plant miRNA-guided silencing (Brodersen et al., 2008) . Deficiencies in nutrients such as N, phosphorus (Pi), potassium (K) and sulfur (S) can induce oxidative stresses (Shin et al., 2005) . NFYA5 was reported to regulate downstream genes involved in oxidative stress responses, such as those encoding a subunit of the cytochrome b6-f complex, glutathione S-transferases (GST), peroxidases and an oxidoreductase family protein (Li et al., 2008) . In a recent study on Medicago truncatula, symbiotic nodule development was found to be regulated by miR169, and overexpression of MIR169a led to a developmental block of nodule formation (Combier et al., 2006) . These findings indicate a potential link between low N status and miR169. Here, we clearly showed that miR169 was critical for the N-starvation response in Arabidopsis. N starvation down-regulated miR169 expression, thus relieving repression of NFYA by miR169. miR169 is encoded by many loci. In roots, all of these loci, but especially MIR169a loci, were substantially down-regulated by N stress. In shoots, however, only MIR169a loci were substantially down-regulated, which demonstrated that closely related miRNAs that were predicted to target the same genes had in fact different functions. The results differed from those of Pant et al. . Total RNA from roots described in (a) was used for reverse transcription followed by quantitative PCR. The expression levels were normalized to that of Tub4. Error bars represent SEs (n = 3). Results are the mean ± SE for three biological replicates. *, P < 0.05 (t-test); significant difference from the WT. 35S::MIR169a plants were hypersensitive to N starvation under all of the growth conditions used in the current study, and yellowing of the leaves was the main symptom (Fig. 5) . The association between the yellowing phenotype and decreased total N concentration (Fig. 6a) suggested that the phenotype was a symptom of N deficiency, which could be at least partly attributable to the reduced capacity of N-uptake systems in 35S::MIR169a plants (Fig. 6b,c) . In Arabidopsis, the molecular mechanisms of nitrate uptake are well characterized, and both low-affinity and high-affinity nitrate uptake systems are involved in nitrate uptake. AtNRT2.1 belongs to the high-affinity uptake system, while AtNRT1.1 (CHL1) functions as a dual-affinity transporter involved in both high-and low-affinity uptake (Liu et al., 1999; Little et al., 2005) . CHL1 was reported to function in stomatal opening and to contribute to drought susceptibility in Arabidopsis (Guo et al., 2003) . The features of the chl1 phenotypes were similar to the drought-stress hypersensitivity described in 35S::MIR169a transgenic plants (Li et al., 2008) , which suggested an association between AtNRT1.1 and miR169. Using the PLANTCARE program (http://bioinformatics.psb.ugent.be/webtools/plantcare), we found four CCAAT sequences in the 2-kb promoter region of AtNRT1.1 and one CCAAT sequence in the 2-kb promoter region of AtNRT2.1, indicating direct regulation of AtNRT1.1 and AtNRT2.1 by members of the NFYA family. Overexpression of MIR169a significantly decreased the expression of AtNRT1.1 under N-sufficient conditions (Fig. 6b) . Recently, AtNRT1.1 was reported to function as a nitrate sensor in plants (Ho et al., 2009) 
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